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TITLE 
 
Stainless steel: Recovery of properties after exposure to detrimental phases 
 
ABSTRACT  
 
High alloyed stainless steel provides a desirable combination of corrosion resistance and 
mechanical properties, being a preferred material when ductility, overall strength and 
resistance to harsh environments are required. 
High service temperatures where alloy elements, as chromium and molybdenum, are present, 
is a well-known recipe for the precipitation of detrimental phases in the material. Even a small 
amount of these precipitations may impair the mechanical and corrosion properties. 
The main objective with this thesis is to investigate the possibility to recover the initial 
properties after detrimental phases have transformed part of the materials microstructure. 
Different stages of detrimental phases are intentionally provoked to achieve a wider spectra of 
analysis. 
In order to quantify the damage and recovery, material is evaluated metallographically and by 
performing Charpy V-notch impact test, where the first mentioned gives us the exact amount 
of sub phases that has appeared in the microstructure and the latter gives us an idea of the 
behavior of the material, due to a sharp decrease in toughness led by the growth of detrimental 
phases in the given structure. 
The theory behind steel restructuration proves to be right, showing that the microstructure and 
any detrimental phases can be dissolved by performing a correct heat treatment at a 
sufficiently high temperature with the correct cooling. 
The first material, UNS S32760, is able to recover up to 86% percent of its toughness no 
matter what the previous exposure to detrimental phases was. 
All previous detrimental phases retreat when proper heat treatment is applied. The lack of 
toughness recovery is due to the precipitation of a new detrimental phase, chrome nitride. 
This precipitation is due to the saturation of nitrogen in ferrite grains when a fast cooling is 
applied. 
Samples from the second material, UNS S31254, were subjected to the same heat treatments. 
Results show lower propensity to formation of detrimental phases and an overall recovery of 
the microstructure compared to factory standards. 
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1. INTRODUCTION 
 
1.1. PART OF THE WORLD TO BE STUDIED 
The last decade tendency of the crude oil, reaching its price climax in 2011, has been the main 
reason for the oil exploration to move to remote locations where harsh environments are 
present. The industry is digging deeper for unknown reserves, making them recoverable due 
to new technologies. 
Deepwater production facilities sets new requirements to the material selection. The 
expectation of performing under high pressures and to withstand higher temperatures than 
before, makes commonly used materials in the oil industry inappropriate for certain tasks. 
Harsh environments, where low temperatures, sea currents and rugged seabed are present, 
make pipelines and risers vulnerable to vortex shedding and wave impacts, increasing the 
demand of fatigue- and high pressure- resistance. From a material perspective, we also have 
to deal with the concentration of corrosive agents in the surroundings of the well. 
If above all these situations we remark the high cost of component failure and the tendency of 
extending the life span of the production facilities to make them economically interesting, we 
end up with a small selection of materials to meet all these requirements. It’s now the stainless 
steels can show their brilliance (1).  
 
1.2. HISTORY OF STAINLESS STEEL 
Stainless steel was invented early in the 20th century when it was discovered that a certain 
amount of chromium made the material highly weather resistant. Being an alloy, where 
several elements are combined, opened for further investigation. Several attempts were 
considered and nowadays it is systematically organized according to chemical composition 
and given microstructure. 
There are five stainless steel families: ferritic, martensitic, precipitation hardening, duplex and 
austenitic. In this report we will focus on the last two. 
The early pioneers of stainless steel were people related to both science and industry. Focus 
was set on elements relation of iron-chromium and iron-chromium-nickel alloys, instead of 
the purpose of achieving a given structure. The difference of the stainless steel families were a 
collateral discovery from the relation between alloy content in the composition. 
A later introduction of more sophisticate and accurate equipment set new standards to the 
alloys. 
The introduction of the Vacuum oxygen decarburization (VOD) and Argon oxygen 
decarburization (AOD) in the 1970’s, a process where the alloy is subjected to 
decarburization, reduction and desulphuration, developed sustainably the refining process 
leading to a significant improvement in the properties of alloy steels. (2) 
Extensive studies were carried out the next two decades, focusing on the manufacturing and 
kinetics. Hot workability, weldability and corrosion resistance were main areas of interest in 
the thermal treatment.  
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For austenitic stainless steel, it is truly believed that the detailed study of iron-chromium-
nickel alloys made by Léon Guillet in the early 20th century set the standard. Differences in 
the chemical composition compared to what is implemented nowadays lie in the adopted 
refinements decades later. 
(3) 
The origin of austenitic-ferritic stainless steel (known as duplex steel) goes back to 1933, 
when a French foundry company produced by error a 20%Cr – 8%Ni – 2,5% Mo steel 
containing a high fraction volume of ferrite in an austenitic matrix. Unique corrosion 
resistance made this accidental alloy steel popular and is seen as the start of what we today 
know as the Duplex steel.  
Notwithstanding the French origin, similar compositions were studied, patented and marketed 
simultaneously in Sweden and the United States. 
In 1950 the UR 50 grade was presented by “Compagnie des Ateliers et Forges de la Loire”, a 
two-phase austenitic-ferritic steel with high yield strength and excellent corrosion resistance. 
Its properties made this steel a good contender for applications in the chemical industry, salt 
production, oil refining, pharmaceutical, etc.  The same company presented also a proposed 
Duplex grade with a 0,2% N content. 
In this decade, the production were done by high frequency induction furnaces, which 
basically melted the alloying elements without any refining. Lack of precision during 
production and rudimentary equipment made it difficult to achieve low oxygen, sulphur and 
carbon levels, making the duplex steels brittle during service.  
Extensive studies were carried out the next two decades, focusing on the “hot workability, 
weldability and corrosion resistance and on their response to thermomechanical treatments”.  
From the 80s, a new generation of duplex grades appeared, where nitrogen had a central role 
improving the weldability. From this moment, duplex steel suddenly became more widely 
used, offering better corrosion resistance and strength-to-weight ratio than 316 and 317 steels. 
Still, the extra cost did not always justify the benefits of choosing duplex, so the steel grade 
went in two different ways. Lean duplex appeared to avoid the overspecification, defined by 
low-nickel and low-molybdenum reducing alloy costs. Meanwhile, the other development of 
the grade was superDuplex and hyperDuplex, “driven primarily by the need for material that 
can partially replace more expensive alloys in the severest applications in the offshore oil and 
gas, chemical and petrochemical industries”. (4) 
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2. THEORY 
 
2.1. STAINLESS STEEL PROPERTIES AND ITS INTERMETALLIC PHASES 
Stainless steels are a versatile term to describe a family of engineering materials known 
primarily for their corrosion resistance properties. 
A theoretical way of comparing them is with the Pitting Resistance Equivalent Number 
(PREN). It is a measure based on the chemical composition of the alloy, where the elements 
chromium, molybdenum and nitrogen determine a respective PREN-value. A high PREN-
value indicates better corrosion resistance. Alloys with values above 32 are considered 
seawater-resistant, and a minimum of 40 is set for offshore purposes. 
 
𝑃𝑅𝐸𝑁 = %𝐶𝑟 + 3,3 ∙ %𝑀𝑜 + 16 ∙ %𝑁 
 
Equation 1-PREN-values above 40 are a minimum for offshore purposes [NORSOK M-630]. 
Weight percentage of chromium, molybdenum and nitrogen are deciding elements for the theoretical pitting resistance. 
 
Common properties is that all materials embraced by this term have a minimum of 10,5% 
chromium and they principally contain iron. 
(5) 
Constitution of the desired microstructure 
at ambient temperature can be predicted 
using Schaefler diagram, following rapid 
cooling from solution anneal temperature. 
Phase fields are shown in terms of nickel 
and chromium equivalents, and are based 
on the chemical composition. (6) 
Duplex stainless steel is characterized by a 
two phase structure consisting of an equal 
mixture of austenite and ferrite grains. A 
desirable combination of mechanical 
properties and corrosion resistance is 
obtained by a thorough control of the 
chemical composition and the quenching1 
ratio from the annealing temperature to 
ambient temperature. 
Austenitic stainless steel is characterized by a single phase structure consisting only of 
austenite grains, providing good corrosion resistance and simultaneously being non-magnetic, 
due to the lack of ferrite grains in microstructure. 
                                                 
1 Rapid cooling of a work piece to obtain certain material properties. 
Figure 1-Schaefler diagram. X-axis is Cr-
equivalent=%Cr+%Mo+1,5*Si+0,5*Nb. Y-axis is Ni-
equivalent=%Ni+30*%C+30*%N+0,5*Mn 
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A major concern with the steel and its chemical composition is the formation of unwanted 
intermetallic phases. A correct cooling plays an important role, but so does the alloying 
elements: 
 
MOLYBDENUM (MO) 
Mo enhances the pitting corrosion resistance, being really effective with Cr contents above 
18%. Mo is a ferrite former and increases the tendency of formation of detrimental 
intermetallic phases2. 
CHROMIUM (CR) 
The corrosion resistance increases in relation with the amount of Cr. A minimum of 10% is 
necessary to form a stable passive film that can protect against atmospheric corrosion. 
Cr increases the oxidation resistance at elevated temperatures, influencing the formation of 
oxide layer resulting from heat treatment. 
Cr is a ferrite former, promoting a body centered cubic structure of the iron, and therefore 
Nickel is necessary to form the desired austenitic-ferritic-structure. 
NICKEL (Ni) 
Being an austenite stabilizer, it promotes the formation of a face-centered cubic structure. By 
increasing its weight% in the composition, ferritic structure changes over to austenitic. 
Ni gives excellent toughness properties and delays the formation of intermetallic phases in 
duplex steels. 
 
 
Figure 2-Increasing nickel content changes the microstructure of stainless steel from ferritic to austenitic. (7) 
 
 
 
 
                                                 
2 Precipitations in microstructure that has a deteriorating effect on material. Synonyms in the report are:        
Detrimental phases, intermetallic phases, secondary phases. 
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NITROGEN (N) 
N does not eliminate the formation of detrimental intermetallic phases, but delays it enough to 
permit processing and fabricate duplex steel. 
Cr and Mn increases the solubility of nitrogen, which explains why super duplex grade 
contain more nitrogen than lower chromium variants. Said that, nitrogen partition is still 
affected by temperature. “During cooling, austenite formation occurs and the ferrite becomes 
rapidly saturated with nitrogen”. The excess of nitrogen leads to enrichment in the austenite, 
having a positive reaction on the pitting and crevice corrosion resistance and making it similar 
in both phases. 
COPPER (Cu) 
Cu improves corrosion resistance in non-oxidizing environments, such as sulfuric acid. The 
usage is limited to around 2%, since higher levels tend to reduce ductility. 
Recapitulating, Mo and Cr enriches the ferrite structure, while N, Ni and Cu enriches the 
austenite formation. (7) 
 
During heat treatment, many structural changes can happen, mostly with the ferrite-phase, as 
it diffuses approximately 100 times faster than in austenite. The consequence is due to a less 
compact lattice in the body-centered cubic (BCC) structure of the ferrite. As already 
mentioned, the ferrite is enriched in Cr and Mo and shows great propensity for the formation 
of intermetallic phases. Furthermore, the solubility falls in relation with decreasing 
temperature, increasing the probability of precipitation formation in the structure. 
For austenitic steels, face-centered cubic (FCC) lattice structure is always present above the 
critical temperature of 700°C and will normally break down to either ferrite, cementite or 
martensitic-structure. By increasing the alloy content, with such elements as manganese and 
nickel, the austenitic structure can be stable even at room temperature. Even by holding a 
stable microstructure during temperature changes, there is a propensity of forming chromium 
carbides along grain boundaries, reducing mainly the chromium content in the austenite 
grains.(8) 
There are several secondary phases, but we will mainly look at the ones exposed in the 600 °C 
to 1000 °C temperature range. The presence of these precipitations are generally associated 
with a loss of mechanical properties and corrosion resistance. (9) 
SIGMA (σ) PHASE 
Sigma phase has its origin in the system of Fe and Cr, being a non-magnetic intermetallic 
compound with a complex tetragonal crystal structure. Alloys with Cr and Mo are unstable to 
this phase at temperatures between 600°C and 1000 °C. 
The formation comes as a consequence of high temperature exposure or incorrect heat 
treatment, influencing the mechanical properties and corrosion resistance. 
The mechanical properties are affected by a several loss of toughness, due to bad 
deformability of the phases because of their low fraction of metallic binding (10). 
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The decrease of corrosion resistance is featured by the depletion of Cr and Mo around the area 
σ has precipitated.  
For duplex stainless steel, this phase affects the ferrite structure, decomposing it and 
nucleating as sigma-particles with a high rate formation and in potentially large fraction 
volume. 
For super austenitic stainless steel, the precipitation initiates in the delta ferrite/ austenite (δ/γ) 
boundary. As aging temperature increases, σ sigma and γ2 secondary austenite tend to 
precipitate in δ delta-ferrite. (11) (12) 
For illustrations on how σ precipitates, see Appendix F. 
CHI (χ) PHASE 
Chi-phase precipitates in smaller amounts at the ferrite grain boundaries, in the same 
temperature range but prior to sigma-phase precipitation. As an eutectoid reaction, chi-phase 
leads to further sigma- and secondary austenite-formation. (13) (2) 
CHROME NITRIDE (CR2N) 
High temperatures, above 1000°C, increase solubility of nitrogen in the ferrite phase. During 
fast cooling, saturation of nitrogen occurs.  
At lower temperatures, N has low solubility in the ferrite phase. Saturation leads to 
precipitation of chrome nitrides, as a result of the short time interval N has to diffuse back to 
the austenite. (11) (2) 
The presence of chromium nitrides in the microstructure have a detrimental effect on the 
material properties. They cause embrittlement of the material (see chapter 4.1 for results) 
and previous studies attribute a loss of corrosion resistance due to the depletion of Cr and N in 
the ferrite grains. (15) 
 
Table 1-Detrimental phases. BCT (body centered tetragonal), BCC (body centered cube), cubic (primitive cubic) 
Type of 
precipitate 
Nominal 
composition 
Lattice type Temperature range 
[°C] 
σ (sigma) Fe 35-55, Cr 25-
40, Mo 11-25 
BCT 1000-600 
Χ (chi) Fe 35-55, Cr 25-
40, Mo 11-25 
BCC 1000-700 
Chromium 
nitride 
Cr2N Cubic 900-700 
 
 
2.2. UNSS32760 
Known as 25Cr Duplex, a super duplex stainless steel with excellent corrosion resistance and 
strength. It is produced and manufactured by Tubacex Tubos Inoxidables for Scandinavian 
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Fittings and Flanges AS. This product is a seamless stainless steel tube, hot finished3, 
passivated and plain beveled ends. The raw material is processed in an electric furnace, 
AOD’ed and rapidly cooled. The result is a balanced microstructure with 53,70% ferrite 
content and the remaining of austenite.  
The steel grade is made to meet the minimum PREn requirements for duplex steel, having a 
composition with good resistance against chlorides, organic and sulfuric acids. 
Chemical composition: 
 
Table 2-Chemical composition of UNS S32760 ref. Appendix D 
% C Mn Si P S W Ni Cr Mo N Cu PREn 
Avg. 0,018 0,68 0,51 0,024 0,0004 0,56 6,95 25,5 3,66 0,24 0,68 41,42 
 
 
2.3. UNSS31254 
This material is a super austenitic steel with high levels of nitrogen and molybdenum, known 
as 6Mo or 254SMO.  
This alloy was the first austenitic stainless steel using nitrogen for added corrosion resistance. 
High nitrogen content gave it a superior resistance to chloride pitting and crevice corrosion, 
compared to earlier austenitic alloys. It is produced and manufactured by DMV Stainless 
France for Scandinavian Fittings and Flanges. The product is a seamless stainless steel tube, 
hot finished and annealed. (12) Raw material is melted in an electric furnace and decarburized 
with AOD or VOD. 
Chemical composition: 
 
Table 3-Chemical composition of UNS S31254 ref. Appendix E 
% C Mn P S Si Ni Cr Mo N Cu PREn 
Min.      17,5 19,5 6,0 0,18 0,5 42,18 
Max. 0,02 1,0 0,03 0,01 0,80 18,5 20,5 6,5 0,22 1,0 45,47 
Avg. 0,02 1,0 0,03 0,01 0,80 18,0 20,0 6,25 0,2 0,75 43,83 
 
 
2.4. HEAT TREATMENT 
Correct thermal treatment is required to be able to achieve the desired corrosion and 
mechanical properties. Chromium and molybdenum are the principal elements to improve 
corrosion resistance, but also the main actors in the formation of detrimental phases in high 
alloy stainless steel. Increasing alloy content tends to move phase-curves to shorter times, 
accelerating precipitation reactions. 
                                                 
3 Process of deforming material through rollers at a temperature above its recrystallization temperature 
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In order to obtain the desired microstructure, reaction kinetics must be taken to account. 
Kinetics of detrimental phase precipitation in duplex steel are influenced by the chemical 
composition and the particular holding time in several temperature ranges. σ sigma phase has 
three distinct precipitation mechanisms: 
- “Nucleation and growth from original ferrite” 
- “Eutectoid4 decomposition of ferrite, forming σ and γ2 secondary austenite” 
- “σ growth from austenite after total consumption of original ferrite” (15) 
 
 
Sigma and chi precipitations occurs at 
high temperatures at the same time as the 
chromium nitride precipitation. 
Sigma phase precedes chi formation, but 
precipitates in a greater volume. Both 
phases have similar effects on properties 
and are similar from a metallographic 
perspective. 
For austenitic stainless steel, detrimental 
phase transformation is characterized by 
a slow transformation of chi and sigma. 
254SMO belongs to the high performance 
austenitic stainless steel.  
With a high content of chromium and 
molybdenum, chi and sigma precipitation is 
accelerated. Moreover, all precipitations 
occur in the austenite grain boundaries, in low 
volume, with a similar effect on the 
properties: loss of corrosion resistance. (11) 
High alloy content makes both materials prone for 
formation of detrimental phases. Kinetics can be 
“controlled” by a proper quenching, by defining the cooling rate. A fast cooling rate is easily 
achieved by quenching in water medium, while air medium will decelerate the rate and reach 
the undesired noses from the detrimental precipitations.  
 
 
                                                 
4 Reaction where a solid transforms into two other solid phases 
Figure 3-Isothermal time-temperature-transition for UNS s31803. 
Detrimental phases are presented as curves and show when the 
precipitation will take place. 
Figure 4-Different quenching mediums affects cooling 
rate and whether microstructure precipitates to 
secondary phases or not. 
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2.5. CHARPY V-NOTCH IMPACT TEST 
The Charpy V-notch impact test is a standardized test which determines the amount of energy 
absorbed by the test material during fracture. This test works as a tool to quantify the 
temperature-dependent ductility5 of a given material, using the absorbed energy as a measure 
to determine its toughness. 
From ASTM A370: 
-19.1. “A Charpy V-notch impact test is a dynamic test in which a notched specimen is struck 
and broken by a single blow in a specially designed testing machine. The measured test values 
may be the energy absorbed, percentage of shear fracture”. 
-21.1.1. “A Charpy impact machine is one 
in which a notched specimen is broken by 
a single blow or a freely swinging 
pendulum. The pendulum is released from 
a fixed height. Since the height to which 
the pendulum is raised prior to its swing, 
and the mass of the pendulum are known, 
the energy of the blow is predetermined”.  
-22.1.2.2. “When the specification calls for 
a minimum average test result, three 
specimens shall be tested”. 
-22.3. “The machining of the notch is critical, as it has been demonstrated that extremely 
minor variations in notch radius and profile, or tool marks at the bottom of the notch may 
result in erratic test data” 
 
2.6. METALLOGRAPHIC EVALUATION 
In this research, metallography is the study of the microscopic structure of the alloys using 
LOM (Light optical microscope). This analysis reveals how thermal treatment and alloy 
kinetics have transformed the microstructure and which phases have precipitated. 
Depending on the desired outcome, several etchant methods are available. Depending on the 
alloy, a small selection of chemicals will be appropriate 
Standard practice for microetching6 metals and alloys is presented in ASTM E407-99. It 
covers chemical solutions and procedures for etching. 
Prior etching, surface must be uniformly polished, free of any surface deformation. In this 
respect mechanical polishing, a 1 µm diamond polish is considered as a minimum. Further 
literature around guidance to metallographic preparation of stainless steel is to be found in 
ASTM E3 – 01(2007)e1. (14) 
  
                                                 
5 Ability to deform under tensile stress. 
6 Development of microstructure for observation  with a microscope with higher magnification than 50x 
Figure 5-Standard full size Charpy V-notch specimen. Permissible 
variations are shown. 
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3. METHOD 
 
The major part of this thesis has been focusing on the laboratory research. SFF provided the 
necessary material to perform several heat treatments, in order to get the desired results. The 
material came in 6 and 8 inches pipes with a wall thickness of 14 and 24 mm consequently. 
 
3.1. MACHINING 
With a liquid cooled saw, based on a mixture of water and oil, the first pipe element was split 
in half. From there single pieces with a small inner- and outer-bending radius were produced. 
All singles pieces were milled into the correct measures and shape. 32 pieces with a cross 
section of 12x12 millimeters, and 4 pieces with a cross section of 10x10 millimeters ready to 
be analyzed for toughness with the Charpy V-notch Impact test.  
During milling, in order to not expose the steel to undesired heat, each feeding removed a 
maximum of 500 micrometers of material while being continuously exposed to coolant.  
Last step prior to impact testing, was to mill into place the v-notch required by ASTM A370. 
An automated machine was used for this purpose, assuring correct measures. 
 
 
Figure 6- Transformation from pipe to test piece 
 
General guidelines during machining of materials were: 
-Use powerful and rigid machines 
-Minimize vibration by keeping tool extension as short as 
possible 
-Use adequate speed to avoid built-up edge and rapid wear 
-Change tooling inserts at scheduled intervals 
-Use generous flows of coolant at all time 
-Apply uniform attaching pressure to avoid jamming 
  
Figure 7-Machined duplex steel ready 
for Charpy V-notch Impact test 
METHOD 
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3.2. HEAT TREATMENT 
As mentioned in chapter 2.4, all heat treatments are based on the same principle of production 
of stainless steels. Different cooling rates, providing different holding times in the sigma-
range temperatures, will not only provide a restructuration of the material, but also the growth 
of intermetallic phases. 
To assure an accurate procedure during treatment, a data logger is connected to the test piece 
during all heat variation. The thermocouple in question is an El-USB-TC-LCD logger with a 
K-element wired and welded to the test piece. 
To assure accuracy of oven and thermocouple, thermodynamics theories were used to 
compare experimental data to the theoretical approach.  
Two situations were considered:  
-A test-piece, after reaching annealing temperature, cooled down in air. 
-A test-piece, after reaching annealing temperature, cooled down in water. 
First scenario is based on Stefan-Boltzmann law and shows an extraordinary similarity. The 
cooling is described as energy radiated per surface area of the body. As the temperature drops, 
conduction energy transfer for the area of the material that is in contact with the table comes 
in addition to the initial radiation transfer and might explain an accelerated cooling. 
 
 
Figure 8-Theoretical and experimental cooling in air medium 
As for the second scenario, Newton’s Law of Cooling is used. It is basically a convective heat 
transfer, where the energy goes from one place to another by the movement of fluids. 
The major issue here was to select the correct heat transfer coefficient for the water, as it goes 
from 500-10000 W/m2K. Several values were tried, where one in the midrange seemed to 
apply for the given situation. 
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Figure 9-Theoretical and experimental cooling in water medium 
Both situations show good similarity with theory. Combining these two thermodynamically 
laws can be useful in order to decide further controlled cooling. 
See Appendix B for further information regarding calculations. 
Earlier studies confirm that both materials are prone to detrimental phases the range of 
temperatures between 1000 °C and 600 °C. (15) (16) (2)  
 
For all treatments, common aspects are: 
-It took 8 minutes to reach solution anneal temperature after inserting materials 
-All test pieces had a holding time of 30 minutes in solution anneal temperature 
Equal heat treatments were performed on both materials, but with different solution anneal 
temperature. 
Each material certificate stated the solution anneal temperature: 
-UNSs32760, solution anneal temperature 1110 °C 
-UNSs31254, solution anneal temperature 1150 °C/1250 °C 
 
Five different exposures are achieved with different holding times and cooling methods. 
1. First treatment, applied on all pieces marked as 1 and 2. (HT 1) 
8 minutes with high temperature until solution anneal temperature is reached. 
Holding time in solution anneal temperature is 30 minutes. 
Then, oven is turned off, and material is left inside until 50 °C is reached. 
 
Holding time 1000 °C-600 °C-region: 710 seconds (12minutes) 
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2. Second treatment, applied on all pieces marked as 3 and 4. (HT 2) 
8 minutes with high temperature until solution anneal temperature is reached. 
Holding time in solution anneal temperature is 30 minutes. 
Then oven is set to reach 250 °C in 60 minutes. 
After this, oven is turned off and material is taken out when 50 °C is reached. 
 
Holding time 1000 °C-600 °C-region: 1390 seconds (23 minutes) 
 
3. Third treatment, applied on all pieces marked as 5 and 6. (HT 3) 
8 minutes with high temperature until solution anneal temperature is reached. 
Holding time in solution anneal temperature is 30 minutes. 
After this, material is taken out for air cooling. 
 
Holding time 1000 °C-600 °C-region: 70 seconds (1,2 minutes) 
 
4. Fourth treatment, applied on all pieces marked as 7 and 8. (HT 4) 
8 minutes with high temperature until solution anneal temperature is reached. 
Holding time in solution anneal temperature is 30 minutes. 
Then, oven is turned off. Material stays inside oven for 510 seconds  
(reaching 720 °C). 
After this, material is taken out for air cooling. 
 
Holding time 1000 °C-600 °C-region: 375 seconds (6 minutes) 
 
5. Fifth treatment, applied on pieces marked as 1, 3, 5 and 7. (HT 5) 
8 minutes with high temperature until solution anneal temperature is reached. 
Holding time in solution anneal temperature is 30 minutes. 
After this, material is rapidly cooled down in water. 
 
The purpose with this treatment is to eliminate all previous detrimental phases. 
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Figure 10 shows the respective heat treatments the samples were subjected to in order to 
provoke undesired phases in the microstructure. 
 
Figure 10-All current heat treatments with the respective cooling ratio 
 
Through the presentation of the results, terminology as HT for heat treatment will be used. 
Table 4 shows a recapitulation of the variety of heat treatments performed. I.e. sample 1 has 
been subjected to heat treatment 1 and heat treatment 5. 
 
Table 4-Overview of heat treatments performed on each sample.  Thorough information is available in the beginning of 
chapter 3.2 
  HT 1 HT 2 HT 3 HT 4  HT 5 
Sample Holding 
time in 
1000°C to 
600°C 
12 minutes 23 minutes 1,2 minutes 6 minutes  Rapidly 
cooled in 
water 
1  X     X 
2  X      
3   X    X 
4   X     
5    X   X 
6    X    
7     X  X 
8     X   
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3.3. TEMPERATURE VARIATIONS 
The theory behind cooling in air- and water-medium showed an extraordinarily resemblance 
with experimental data. All further adjustments during heat treatment were based on 
temperature measured from the thermocouple.  
The oven was set to 1080 °C when the thermocouple marked between 1120 °C and 1140 °C. 
Sample placement in the oven had a major significance for correct measurement. Samples 
were always placed in the middle of chamber, away from the heaters. This assured a uniform 
heating of the material. 
 
3.4. CHARPY IMPACT TEST 
A Zwick Roell RKP450 pendulum impact tester was used for charpy impact test. Calibrated 
after ISO standards for 450 joules pendulum moment. 
27 samples were collected and checked against dimension criterias specified in ASTM e370-
08 [22.2.2], all being inside the permissible tolerances. 
Test pieces were placed in ethanol in a freezer and cooled down to -46 °C prior testing. 
See appendix A for all information regarding Charpy V-notch impact test. 
 
3.5. METALLOGRAPHIC EVALUATION 
Before etching, preparation was carried out by grinding (80,120, 250, 400, 800, 1000 and 
1400 grinding papers) and polishing with diamond pastes (3 and 1 µm). 
For duplex steels, a combination of two etchant methods were chosen to achieve a good 
delineation of austenite/ferrite-, intermetallic- and chromium nitride-phases. Performed in 
sequence: 
1. 10% Oxalic acid electrolytic7 – 5,5V for 20 seconds 
2. 20% NaOH electrolytic – 2V for 6 seconds 
For super austenitic steels, a 60% HNO3 electrolytic – 2V for 20 seconds, gave the best result.  
I first tried a V2A @ 50 – 60 °C with 100 ml H20, 100 ml HCl and 10 ml HNO3 for 120 
seconds, but experienced bad grain delineation and a passive oxide layer. 
Further analysis was carried out with a light optical microscope, saving pictures of each 
sample in 100x-, 200x- and 500x-magnification.  
In order to quantify the content of detrimental phases, software “ImageJ” was used to 
facilitate the separation of phases in the microstructure. An illustration from the light optical 
microscope was analyzed manually by calculating the amount area of detrimental phase in 
respect to region of the illustration. The result is presented in terms of percentage. 
  
                                                 
7 Method of using a direct electric current to drive a chemical reaction 
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4. RESULTS  
 
Results are presented with diagrams/charts gathered from the laboratory research. At the end 
of each chapter, concise observations related to the given information are stated. 
“Test” refers to the part where the material has been evaluated without any form of heat 
treatment. The output information is used to set a bench mark in order to compare the state of 
further tested materials. 
For all testing, material is ordered after the defined HT8.  
Diagram 6 shows how it is proceeded for HT1, where test material 1 and 2 are selected.  
The procedure is the same for the other HT, only changing the selected heat treatment and 
chosen samples (i.e. for HT2, test pieces 3 and 4 are selected). 
 
Figure 11-Analysis procedure for metallographic evaluation and mechanical testing 
 
 
 
 
 
 
 
  
                                                 
8 HT stands for heat treatment, and it is further used in this report. 
1. 1 & 2
•Test pieces marked as 1 
and 2 are selected
2. HT1
•Both pieces are 
subjected to same heat 
treatment
3. 2
•Piece nr.2 is evaluated
4. pHT
•Piece nr.1 is subjected 
to post heat treatment
5. 1
•Piece nr.1 is evaluated
6. Overall 
evaluation
•1 & 2 are compared to 
each other
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4.1. UNS S32760 - SUPER DUPLEX STAINLESS STEEL 
 
CHARPY V-NOTCH IMPACT TEST 
 
Table 5-Toughness KV results in terms on Joules based on the average of three samples 
Number test 1 2 3 4 5 6 7 8 
KV [J] 299,36 286,50 41,77 268,61 6,31 267,86 200,19 258,07 24,58 
 
Table 5 shows the results from the Charpy test. All values are based on a average of three 
tests.  
 
Table 6-Loss of toughness in terms of percentage. Odd sample numbers are subjected to HT5, being rapidly cooled.   
Number test 1 2 3 4 5 6 7 8 
Damage 
[%] 
0 4,3 86,04 10,27 97,89 10,52 33,13 13,79 91,79 
 
Table 6 shows the variation of toughness. All percentages are based on the initial toughness 
measured on three samples of non heat treated alloy. 
Odd sample numbers are subjected to the initial heat treatment and finally to heat treatment 5, 
rapidly cooled. 
See Appendix A for further information 
 
METALLOGRAPHIC EVALUATION 
 
The pictures with odd numbers (1, 3, 5 
and 7) are primarily free for sigma 
phase, but show a consistent 
precipitation of Cr2N in ferrite grains. 
The pictures with even numbers (2, 4, 6 
and 8) show different stages of sigma 
phase. 
In the pictures: 
- Ferrite grain is marked as α (alpha)  
- Austenite grain is marked as γ 
(gamma) 
- Sigma phase is marked as σ 
- Chrome nitride is marked as β (beta) 
Figure 12-500x magnification of microstructure of 
UNSs32760 before thermal treatment. Austenitic grain 
structure in lighter grey. Ferritic grain structure in darker 
grey. Distribution is 53% austenite / 47% ferrite 
RESULTS 
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HOLDING TIME 12 MINUTES – TEMPERATURE RANGE 1000 °C - 600 °C 
 
 
 
Figure 13-Sample 2 shows chrome nitride precipitations in 
thick ferrite grains. Precipitation is concentrated in the 
centre of the grain, away from austenite grains 
 
Figure 13 shows the result after a correct 
heat treatment (HT5). 
All sigma precipitations are dissolved. 
Marked as beta, shows precipitations of 
chrome nitrides concentrated in the middle 
of larger ferrite grains. During solution 
anneal, ferrite grains are saturated with 
nitrogen and larger grains does not manage 
to diffuse all nitrogen back to the austenite. 
 
Figure 14 shows precipitation of sigma 
roughly calculated to be around 4,91% of 
the visible microstructure, after exposed to 
HT1. 
In this picture, all black colored compounds 
are sigma precipitates. Smaller amounts of 
sigma are present in ferrite/austenite 
boundaries. 
In the marked area, an initial precipitation 
in grain boundaries continued at incoherent 
twin boundaries and finally intergranularly. 
 
 
 
Figure 14-Sample 1 shows sigma precipitations along grain 
boundaries after 12 minutes holding time. 
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HOLDING TIME 23 MINUTES – TEMPERATURE RANGE 1000 °C - 600 °C 
 
 
Figure 15 shows precipitations of chrome 
nitrides in the thicker ferrite grains, mainly 
intergranularly. In the highlighted area a 
small amount of precipitation in the twin 
boundaries is visible as black lines in the 
marked area. 
 
Figure 16 shows roughly 21,3% of sigma 
phase. In this situation the detrimental 
phase has grown intergranularly through the 
majority of the ferrite grains. 
In the marked area there is a total depletion 
of ferrite grains. 
 
 
 
Figure 15-Sample 3 shows chrome nitride precipitations in 
the thick ferrite grains 
 
 
Figure 16-Sample 4 shows a severe precipitation of sigma 
along boundaries and intergranularly after 23 minutes of 
holding time 
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HOLDING TIME 1,2 MINUTES – TEMPERATURE RANGE 1000 °C - 600 °C 
 
 
 
Figure 17-Sample 5 shows chrome nitride precipitation 
intergranularly and between twin boundaries in all ferrite 
grains 
 
Figure 17 shows an evident precipitation of 
chrome nitride in twin boundaries of the 
ferrite and a consistent growth in the larger 
ferrite grains. 
 
In figure 18 it is hard to differentiate 
between sigma- and chi- phase. This sample 
shows the lowest percentage of sigma 
precipitation, being 2,65%. Precipitation in 
small amounts between austenite/ferrite 
grains are possible chi-phase or early sigma. 
The upper part of the picture shows an 
amount of sigma phase precipitated 
intergranularly in ferrite/ferrite boundaries. 
 
 
 
Figure 18-Sample 6 shows a small amount of sigma 
precipitation after 1,2 minutes 
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HOLDING TIME 6 MINUTES – TEMPERATURE RANGE 1000 °C - 600 °C 
 
 
Figure 19 shows a severe precipitations of 
chrome nitrides. In the thicker ferrite grains 
the precipitation happened intergranularly 
with a higher concentration in the centre of 
the grain. In the thinner ferrite grains, 
precipitation in the twin boundaries is 
visible (black lines in the marked area). 
 
 
Figure 20 is calculated to have around 5,1% 
sigma phase in its microstructure. It is 
concentrated in a specific area and 
precipitated intergranularly in thinner 
ferrite grains. Its concentration make the 
sample susceptible to loss of ductility, due 
to the lack of bonding energy between 
grains in that specific area. 
 
 
 
 
 
 
Figure 19-Sample 7 shows a severe precipitation of chrome 
nitrides in the thicker ferrite grains 
 
 
Figure 20-Sample 8 shows a concentration of sigma 
precipitation in the thinner ferrite grains 
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OBSERVATIONS 
 
 
Figure 21-Relation between Charpy V-notch impact test results and the mileage9 of sigma phase 
Figure 21 corroborates previous research behind the effect of σ precipitation. Tendency is 
clear, toughness decreases drastically as the precipitation of the detrimental phase increases. 
The remaining samples had no sign of σ precipitation. Precipitation of nitrogen in ferrite 
grains as Cr2N shows a negative effect on toughness, reduced up to 13% compared to initial 
measurements.  
 
                                                 
9 Mileage is used in fig.24 and fig.25 to adjust the magnitude of the values to the diagrams. I.e. 50 mileage 
equals to 5% 
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Figure 22-Relation between holding time in 1000 °C - 600 °C temperature range and mileage of sigma phase 
Figure 22 shows the average effect an increasing holding time in the 1000 °C to 600 °C 
temperature range has on the precipitation rate of σ phase. Both variables increase 
exponentially with a different magnitude in respect to each other. 
 
 
Figure 23-Individual relation between toughness, percentage of damage and percentage of sigma phase 
Figure 23 shows the relation between alloys toughness (in terms of KV “toughness” measured 
in Joules), the calculated damage and the amount of σ phase (both in percentage). 
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Odd number samples present no sign of σ precipitation and the apparent loss of energy 
absorption is due to chrome nitride precipitation in the ferrite grains. 
Even number present samples with different stages of σ precipitation, explaining the loss of 
toughness and the high percentage of damage. 
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4.2. UNS S31254 – SUPER AUSTENITE STAINLESS STEEL 
 
METALLOGRAPHIC EVALUATION 
 
HOLDING TIME 12 MINUTES – TEMPERATURE RANGE 1000°C - 600°C 
 
 
 
Figure 24-Sample 2. Two regions of the microstructure after 12 minutes holding time 
 
 
Figure 25-Sample 1 after HT1 and HT5. No sign of 
secondary phases. 
Precipitation of σ is visible in 𝛿/𝛾 phase 
boundaries. One situation, shown in the 
second illustration (fig. 24), has a severe 
nucleation of σ, apparently initiated at a 
triple junction. 
Bright color in the boundaries are signs of δ 
ferrite. 
 
 The result after the correct heat treatment is 
presented in figure 25 showing a good 
rearrangement of the grains, free for any 
form of detrimental phase. 
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HOLDING TIME 23 MINUTES – TEMPERATURE RANGE 1000°C - 600°C 
 
 
Prolongation of holding time up to 23 minutes shows a progression of precipitation. 
Boundaries in figure 30 show greater propagation of δ ferrite and further precipitation of σ 
phase.   
After the correct heat treatment, microstructure is free for any detrimental phase. 
 
 
Figure 26-Sample 3 after HT2 and HT5. No sign of 
secondary phases 
 
Figure 27-Sample 4.Highlighted region with a consistent 
precipitation of secondary phases 
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HOLDING TIME 6 MINUTES – TEMPERATURE RANGE 1000°C - 600°C 
 
 
In figure 28 small tendencies of nucleation 
in δ/γ boundaries are visible. 
 
Figure 29 is the result after proper heat 
treatment (HT5). The highlighted region 
shows a small area of the microstructure 
where precipitation of σ has remained along 
grain boundaries. 
This result was unexpected. Region must 
have been subjected to an undesired heat 
treatment over a longer period where grain 
boundaries were Cr depleted and 
precipitated σ phase. 
 
Figure 28-Sample 8 after HT4 
 
 
Figure 29-Sample 7 after HT4 and HT5 
 
 
For heat treatment 3, where holding time was set to 1.2 minutes, no sign of detrimental phases 
appeared. 
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OBSERVATIONS 
 
 
Figure 30--Precipitation in relation with holding time. 1)Holding time 1,2min 2)Holding time 6min 3)Holding time 12min 
4)Holding time 23min. 
 
Figure 30 shows the precipitation of σ when increased holding time (from 1 minute to 23 
minutes). δ ferrite is located in the boundaries of δ/γ  and appears as “thin” black boundary 
lines. As the holding time increases, σ phase precipitates in the Cr-rich boundaries and 
appears as “bold” black irregular lines. 
 
After correct heat treatment, solution anneal temperature for 30 minutes and rapidly cooled in 
water, samples 1, 3 and 5 show good similarity to the initial microstructure free for σ phase.  
Only one scenario, sample 7 (fig. 29), precipitated σ in a specific region.  
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4.3. UNCERTAINTIES AND ERRORS 
During research, some uncertainties regarding procedures and analysis appeared. 
Systematic error of temperature adjustment for the furnace appeared. Accuracy of the furnace 
was studied and had a deviation of 3,5%. In solution anneal temperature, mentioned deviation 
equals to 40°C. For further measuring, a thermocouple data logger tracked temperature 
variations. 
Cooling of samples is a source for random errors. Even procedure is defined, human handcraft 
was necessary to proceed. Variations in samples subjected to fast cooling were present. 
During this procedure, cooling happens in matter of seconds and small variations in 
performance can result in variances. 
One situation (sample 7 UNS s31254 fig. 29), σ phase precipitated in grain boundaries. 
Taking to account kinetics theory and comparing it to other samples subjected to the same 
treatment, there is no logical reason that explains the outcome. A degree of uncertainty behind 
thermal treatment is present, where sample has been negatively affected. 
Another particular source of error is machining of the materials.  
Process includes milling and cutting, where tensile stresses and wear of the surface can result 
in energy transformed into heat. During execution, coolant is occasionally applied manually 
to dissipate heat. Wrong or inconsistent spreading of the liquid can result in an early 
undesired heat treatment of the sample.   
In this research, an error during machining samples for Charpy test was done. Samples were 
taken out in the longitudinal direction to the rolling direction. A difference in grain orientation 
of the transverse direction was neglected. Discrepancies of the results were a consequence of 
this mistake. An average factor between the transverse grain orientations was calculated to 
adjust the results. Approach is explained in Appendix A. 
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5. DISCUSSION 
 
As an overall observation, the behavior of both materials is clear. Increase of the holding time 
in the 1000 °C to 600 °C range increases the precipitation of σ phase. 
Charpy test was performed on all samples from UNS S32760 super duplex alloy. The 
micrographs (fig. to fig. ) show two distinct behaviors. 
For the samples subjected to only a detrimental heat treatment (even number samples), 
different stages of σ precipitation were present. The worst case revealed more than 20% of σ 
between α- and γ-grains and resulted in a loss of toughness of 97,89%. Even lesser amounts of 
σ revealed a drastic drop in the ductile behavior of the alloy. 
The samples subjected to a two stage heat treatment (first a heat treatment with a negative 
effect and then a final heat treatment rapidly cooled), marked with odd numbers, had no sign 
of previous σ precipitation. Precipitation of Cr2N appeared in all samples subjected to a fast 
cooling in the middle of thick ferrite grains. The ductility of the material increased to 
acceptable levels, presenting a loss of toughness to a maximum of 13,79%. 
UNS S31254 super austenite alloy was subjected to the exact same heat treatments. 
Super austenite stainless steel is mainly composed by austenite grains. Since precipitation of σ 
phase has a higher diffusion velocity (about 100 times) in δ ferrite than γ austenite, all 
samples subjected to only a detrimental heat treatment showed only precipitation of secondary 
phases in grain boundaries. 
Three out of four samples subjected to a two stage heat treatment showed a complete 
rearrangement of the microstructure. Previous detrimental phases were not present. One 
situation showed what is truly believed a nucleation of σ precipitates along the grain 
boundaries. This phase was only visible in a small region of the studied micrograph and the 
source is believed to come from a failure during quenching. 
While some progression has been made throughout this research in the development of a 
recovery procedure for stainless steel affected by σ phase, the improvement of this study and 
considerably more work are needed to understand the behavior and properties of rehabilitated 
stainless steel.   
The procedure chosen for provoking σ phase should be improved. In this research a 
continuous cooling over different periods of time was a poor decision of mine. The formation 
ratio of sigma phase is highest around 800 °C. With temperature as a variable, the formation 
ratio was not fixed, making it difficult to determine a total amount of secondary phase. A 
thermal treatment based on a fixed temperature and holding time as a variable will clarify the 
task, simplifying a future retry of the assignment.  
Toughness was only measured on duplex steel and corroborated the effect of σ phase. It is 
believed that ductile-to-brittle transition has a lack of effect on the FCC structure in austenitic 
steel. Still, it would be of interest to compare the behavior of the alloy before and after being 
rehabilitated. 
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In this research only light optical microscope has been used to assess the microstructure of the 
sample. Diffraction analysis through scanning- or transmission- electron microscopy is 
preferred when determining secondary phases. 
The theory behind stainless steel kinetics showed good accordance with results. Many studies 
confirm the negative effect of σ in corrosive environments (16) (17). As a natural progression, 
corrosion analysis of the previous damaged material and the rehabilitated material are 
recommended. All samples collected during this research are delivered to the supervisor in 
question. 
Overall positive results from each analysis could in theory be interpreted as the possibility to 
implement a «recovery procedure» on materials being in service. Further research should be 
taken full scale, continued by a risk assessment of execution on in-service structures.  
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6. CONCLUSION 
 
In this study two high alloy stainless steels have been evaluated.  
Super duplex stainless steel shows larger propensity to formation of detrimental phases, such 
as σ phase and χ phase, compared to super austenite stainless steel. 
Direct precipitation of σ phase in ferrite phase is in general fast. The main reason is that σ 
phase forming elements, such as Cr, Mo and Si, found in the alloys diffuse 100 times faster in 
ferrite phase than austenite. Then, Duplex stainless steel, with approximately 50% ferrite 
phase in its stable solution, has a higher precipitation level than stainless steel with fully 
austenitic microstructure. 
Alloys were submitted to light optical microscopic evaluation and both showed good 
restructuration during correct thermal heat treatment, after being exposed to precipitation of 
detrimental phases.  
In the majority of the situations the samples dissolved all previous detrimental phases in 
solution anneal temperature. 
Duplex stainless steel experienced Chrome nitride-precipitation in all samples where rapidly 
cooling was applied. 
Super austenitic stainless steel had initially lower percentage of detrimental phases. After 
thermal treatment where rapid cooling was present, one out of four samples experienced σ 
phase precipitation in one specific region of the grain boundaries. It is believed to be a result 
from wrong machining or a poor performance during thermal treatment. 
Toughness was only evaluated on super duplex stainless steel.  
Increasing amount of σ phase has an exponential deteriorating effect on ductility. A complete 
transition from ductile to brittle behavior is achieved with 20% σ phase. 
Correct thermal treatment shows a beneficial recovery of toughness, increasing ductility up to 
a good level. 
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APPENDIX A. CHARPY V-NOTCH IMPACT TEST CLARIFICATION AND RESULTS  
 
 
 
APPENDIX 
3 
 
 
  
APPENDIX 
4 
 
APPENDIX B. CALCULATIONS REGARDING THEORETICAL APPROACH FOR 
COOLING RATIO AND EXPERIMENTAL DATA FOR COOLING PROCESSES 
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APPENDIX C. MDS 630 – NORSOK’S MATERIAL DATA SHEET FOR UNS S32760 
AND UNS S31254 
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APPENDIX D. INSPECTION CERTIFICATE UNS S32760 
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APPENDIX E. INSPECTION CERTIFICATE UNS S31254 
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APPENDIX F. SCHEMATIC REPRESENTATION OF SIGMA PHASE PRECIPITATION 
 
PRECIPITATION MECHANISM OF DUPLEX STAINLESS STEEL 
 
 
Figures a-d show precipitation mechanism of σ in duplex stainless steel.  
A) At service temperature, α and γ are free for secondary phases.  
B) Temperature increases, laminar cellular structures (σ and γnew ) are formed in phase 
boundaries.  
C) Temperature increases, laminar cellular structures continue to grow.  
D) Temperature increases, α phase is completely occupied by secondary phases. (15) (16) 
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PRECIPITATION MECHANISM OF AUSTENITIC STAINLESS STEEL 
 
 
Figures a-d show the precipitation mechanism of σ phase in austenitic stainless steel at 
different temperatures.  
A) Without heating δ ferrite is indicated by a lacy structure that precipitates at the δ/γ 
boundaries.  
B) Temperature increases, σ and γnew (secondary austenite) precipitate in δ ferrite particles. 
C) Temperature increases, σ and γnew continue precipitating and σ starts precipitating at the 
triple points.  
D) Temperature increases, precipitation of the laminar σ and γnew is more obvious. (15) (16) 
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APPENDIX G. EQUIPMENT 
 
All equipment was provided by the University of Stavanger. 
For machining: 
 
 
 
 
 
 
 
Somatec SCK400+ cold saw 
 
Stamac STF5000V mill 
For heat treatment: 
 
 
Nabertherm p310 high temperature furnace 
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For measuring: 
 
 
El-USB-2 thermocouple data logger. Used for logging 
temperature variations 
 
 
 
 
 
 
 
 
Heat resistant cable and K-element for logging. 
 
Cooperheat Stork welder. Used to weld in place cable to samples 
 
Sample with welded cable connected to data logger 
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For analyzing: 
 
 
Zwick-Roell RKP450 Charpy V-notch Impact test machine 
450J capacity 
 
Struers Planopol pedemax-2 automatic grinder and 
polishing machine. Used to prepare samples for 
metallographic examination 
 
 
 
 
 
 
Struers lectropol-5 apparatus for electrolytical etching of 
metallographic specimens 
 
 
 
 
 
 
Reichert Jung light optical microscope 
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APPENDIX H. ORGANIZATION OF SAMPLES FOR FURTHER STUDIES 
 
All the remaining material, composed by: 
- 1,5 pipe sections of UNS S31254 
- 1 pipe section of UNS S32760 
Are delivered to supervisor Torfinn Havn. 
All the collected samples that have been analyzed for this research are organized after “heat 
treatment” number and after the unified numbering system of the alloy. 
 
